Abstract. The main method for assessment of performance of automatic control systems is assessment of stability of a system as it allows the evaluation of dynamics and accuracy as well as the method for additional adjustment and technological capacity of the whole complex comprising the system. In the suggested paper the known criterion of stability for non-linear systems by Popov is based on non-linear frequency characteristics. It allows the development of conditions of stability and methods of adjustment for such complex systems as servo drives with non-rigid mechanics and alternating-current systems which cannot be analyzed with the help of known methods.
Introduction
Stability theory is a modern mathematical field which is probably the most widely used in the modern engineering. Moreover, multiple research works on this theory were inspired or conditioned by practical problems of cybernetics and electromechanical systems. The similar mathematical field is definitely the theory of stability of non-linear systems conceived by Romanian mathematician Popov [1] . This theory, once known as absolute stability theory and later as hyperstability theory, describes conditions of stability for automatic control systems which may reduce to the simplest structure given in Figure 1 . There can be distinguished a linear element with frequency characteristic WLF and non-linear element (NE) that has an upper bound -static, for static non-linearities (1) or integral (2). The latter makes it possible to classify the systems under consideration as hyper stable.
(1) (2) Popov obtained stability criteria by frequency characteristics of linear elements and boundary characteristics of non-linear element. However, the practical application of the criterion for electric drives remained only limited. Plotting modified hodographs needed for the criterion was not very convenient. It was difficult to distinguish "weak" elements and suggest their adjustment. Real electric drives can hardly reduce to structures shown in Fig.1 due to multiple cross couples, so the Nyquist criterion is still used even if results are not sufficiently accurate.
Problem Statement
It is commonly believed that modern electric drives do not have a stability problem. All conventional systems use Pc, PI, and PID controllers as it is assumed that the whole system is close to a second-order linear system where these controllers are the most efficient. As a result, the wider application is being found by methods for building automatic systems based on stability criterion for linear systems -the Nyquist criterion.
There several known formulations of this criterion such as "classical" ones ( Figure 2 In practice, the most often this variant of the criterion is formulated as a limitation of a phase shift of the logarithmic frequency characteristic of the open-loop system at the cutoff frequency (i.e. at L(ω) = 0) with a lower bound value -180°. Let us consider one of the most important features of the criterion -when it is used, only a certain range of frequency is taken into account, namely the cutoff frequency of the system or some region around it. This results in a large number of practical consequences -criteria of negligibility of elasticity of servo drive gears, requirements for parameters of actuating motors and information systems, methods for decoupling etc. Phase shift at the cutoff frequency may be used for assessment of stability "margin" of the control system (the difference between the phase shift and the critical value -180°). Along with that, results of experiments are often gravely inconsistent with a theory, but it is normally assumed that this inconsistence is within tolerable limits.
Let us discuss the reasons why the Popov criterion is only occasionally used for electric drives. One of these reasons is a merely technical one -namely, the criterion uses frequency hodographs. Engineers got used to work with amplitude and phase frequency characteristics which provide an ostensive evidence of effects of each element and any of its features. These characteristics make it very convenient to apply the Nyquist criterion and to assess the effect on stability of this or that element. The second reason is that, without simplification, in a variable-frequency drive it is impossible to distinguish a merely linear element from a non-linear structure in the system, as it is necessary according to the Popov criterion. Hence, the primary task is to formulate the Popov criterion in terms of amplitude and phase characteristics and to make it similar to the Nyquist criterion.
Method and Solution
Analytically, the Popov criterion is as follows: The closed loop automatic control system as in Figure 1 is stable if there is a real positive q such that for linear and non-linear elements of the system the following condition is met: Let us consider the elements of this diagram: 1 -linear element with frequency characteristic WLF of the linear part of the initial system; 2 -arbitrary lead element determined by q; 3 -instantaneous element where К is an upper bound of the non-linear element like in the Popov criterion for the initial system.
When this equivalent circuit is introduced into consideration the Popov criterion may be formulated as follows: non-linear system reduced to the circuit presented in Figure 1 is stable if the phase shift of the equivalent circuit given in Figure 4 is -90 ⁰ minimum, which is equivalent to positivity of the real part of the frequency characteristic of this equivalent circuit.
This condition may be easily checked by frequency characteristics and analyzed using methods close to synthesis methods according to the Nyquist criterion. In contrast with this latter, the whole frequency range should be analyzed like in the Popov criterion, and not only the cutoff frequency like in the Nyquist criterion. The phase shift may be assessed using methods for building equivalent frequency characteristics. Here, two elements -linear and arbitrary lead -are series-connected, and the instantaneous element is paralleled. The analysis may be based on the rule of "positive limiting" of paralleled elements ( Figure 5 ). It may be assumed that this approach is also applicable for control systems where the dynamic element may be assessed by the family of frequency characteristics, i.e. for all systems for which, without a serious error, it is impossible to distinguish linear dynamic element from non-linear one having a static upper bound (Figure 1) . Here, the condition will be analytical: 
Results
The difference between the suggested criterion (the suggested formulation of the Popov criterion, to be exact) and the Nyquist criterion is well seen considering the example of stability of a servo drive with a finite rigidity (WFR) of gears. According to the Nyquist criterion, it is enough to "move the cutoff frequency away" from the frequency of elastic oscillations to "forget" about it. However, in practice it does not work like that. Stability testing by the means of suggested method proves it (Figure 7 and 8) . Effect of stabilization (or a fine stability margin) may be reached via introduction of actuating motor rate feedback which allows the adjustment of the combination of elements (Figure 10 ) and fulfillment of stability conditions for the whole system (or sufficient stability margin) (Figure 11 ). The described analysis and examples show that stability of electric drive or a good stability margin ensuring required processes may be obtained not only by bringing the system elements closer to ideal as first-and second-order elements (which often entails material costs), but also by finding necessary structural solutions. Along with that, for systems with oscillations in the direct channel elements the best effect is reached with the help of additional cross couples, and for nonlinear negative couples -with the help of dynamically adjusted positive feedback. It should be admitted that there is still no universal method of solving non-linear differential equations, but in some cases the effective solution is possible.
The suggested interpretation of the criterion allows the logic transition to the notion of "structural stability". For that, conditions of stability at К→∞ should be considered. Here, the condition (5, 6) will be as follows:
(7) and for the phase shift:
along with that, stability will influence the Bode phase plot throughout the whole frequency range.
Implications
In the real electric drive, especially in alternating current one, there are both non-linearities and high-order dynamic elements, so it is not permissible to reduce them to linear variants. The suggested interpretation makes it possible to analyze stability and stability margin and to find structural solutions for stability problem for non-linear structures.
The example of the drive where high performance is necessary and should be combined with the structural stability is frequency control systems for asynchronous electric drives which are considerably non-linear systems analyzed in several works [3,4,5,6,] .
Conclusions
The suggested interpretation of the Popov criterion of stability for non-linear control systems using logarithmic frequency characteristics of electric drive elements makes it possible to analyze dynamics and offer the method for adjusting dynamics of systems described by the family of frequency characteristics depending on arbitrary parameter (for example, servo drives with mechanical feedback with finite rigidity).
It is shown that in comparison with traditional methods the suggested method allows the more effective design of structures of electric drives, including non-linear one, which have the required stability margin and dynamics -performance and accuracy.
The suggested method makes it possible to approach to solution of the problem of "structural stability" of non-linear ACS, i.e. the stability preserved at significant changes of some system parameters including controller gains.
